In flood basalt provinces that cover Precambrian terrains, crustal xenoliths are rare. But when present in lava flows and in intrusives, they provide direct information about the basement composition and upper lithospheric crust. Although dykes hosting xenoliths are not common in Deccan Volcanic Province, there are a few known occurrences of mantle and/or crustal xenoliths in some dykes from Maharashtra and Madhya Pradesh, India. The NE-SW dykes from Western Deccan Volcanic Province of upland Maharashtra host crustal xenoliths exhibiting textural variation. Petrographic studies of these xenoliths were not dealt with in detail earlier. We document here, a detailed petrographic work, signifying the importance of pyrometamorphic changes in xenoliths, to understand the composition and explain the textural variation. Presence of elongated quartz ribbons, neocrystallization, incorporation of basaltic melt into mineral cracks, complex twinning in feldspars, exsolved Fe-oxide and silica melt inclusions represent high temperature effects. Major oxide data is suggestive of peraluminous nature of the xenoliths while high temperature minerals tridymite and mullite observed from X-ray diffractograms indicate pyrometamorphic effects. The original rock is quite completely transformed by various processes like partial melting, incipient hybridization and pyrometamorphism, leaving very little mineralogical and textural traces that give evidence of the original protolith. These processes explain the textural variation observed in these upper crustal xenoliths, which could be termed as buchites or buchite rocks. DYKES and other intrusives form an important and significant component of the Deccan basalt magmatism. The dykes in Deccan Volcanic Province (DVP), display three major trends on a regional scale; ENE-WSW to E-W in
Narmada-Tapi region, NNW-SSE to N-S along the west coast and NE-SW in upland Maharashtra Plateau 1,2 . Some of the dykes host a variety of crustal and mantle xenoliths. These xenoliths in lava flows and in intrusives provide direct information about the basement composition and upper lithospheric crust 3 . Although dykes hosting xenoliths are not common in DVP, there are a few known occurrences of mantle and/or crustal xenoliths in some dykes from Maharashtra, such as, quartz and alkali feldspar bearing xenoliths at Sasavne 4 ; granite-quartzite rafts at Mandaleshwar 5 ; hybrid acid xenoliths from Ahmednagar district 6 ; crustal and mantle xenoliths from Murud-Janjira 7 and granitic xenoliths occurring north of Ranala, Nandurbar district 8 . Crustal xenoliths have been documented from Madhya Pradesh by Randive 9 .
The Deccan basalts exposed in north-eastern part of Pune district adjoining Ahmednagar district is intruded by dykes trending NE-SW and a few trending NW-SE. This area forms part of Western Deccan Volcanic Province. The xenoliths were reported in 1991, by Sharma and Warrier 10 and Vaddadi and Sharma 11 , wherein they had described the textural variation. However, detailed petrographic or geochemical studies of the different xenoliths were not conducted to understand the compositional variation, if any. Based on the initial studies, the xenoliths were identified as rhyolitic and granitic, that exhibited hybridization along the margins 6 .
With this background, in the present study, a detailed petrographic analyses of the xenoliths was done to comprehend and explain the textural variation observed.
Geology -field occurrence of xenoliths
In the present study, two NE-SW trending xenolith bearing dykes, exposed in the area north of Ane (19°14′N and 74°19′E) were studied ( Figure 1 ). The lava flows in the area belong to Ratangad Formation 12 . Along the strike length, the width of the dyke varies from 2.46 m to 13.03 m. Bifurcation of the dykes can be clearly demarcated in the field by prominent and distinct contacts made with the host lithology (Figure 2 a-c). The dykes are medium grained, phyric, highly jointed and weathered. The two dykes D1 and D2 (average width being 2 m and 5.4 m respectively), host lenticular acidic xenoliths within a strike length of approximately 600-800 m.
Xenoliths are relatively more resistant to weathering and hence stand out in relief; as observed in dyke D1 ( Figure 2 d and e ). Near Vakunjhap (19°14′4.06″N and 74°18′45.73″E), xenolith has a maximum width of 0.8 m and length of 2.7 m. Xenoliths are fine to coarse grained in texture; dominantly composed of quartz, fine grained material with assimilated margins (Figure 2 g and h) .
The dyke D2 exposed near Gadhejhap (19°15′10″N and 74°18′14″E) carries a large xenolith (9 m × 4.2 m), elongated along its western margin (Figure 2 f ). Foliation observed in these xenoliths is due to alternate bands of quartz grains and fine-grained material (Figure 2 i).
Petrography
Dykes are medium grained, phyric; with glomerocrysts of zoned plagioclase laths (Figure 3 Quartz grains are observed as elongated ribbons exhibiting undulose extinction and higher degrees of shattering ( Figure 3 c-e). Stress-free neocrystallized quartz grains are visible along the margins of large shattered quartz grains (Figure 3 f ). When quartz and feldspar aggregates experience sudden temperature change, they undergo deformation. Under medium grade conditions, quartz behaves as homogeneous medium forming elongated ribbon structures and because of compositional disequilibrium, the melt re-crystallizes bordering the ribbons as neocrystallized grains 13 . These neocrystallized grains are strain free but evident of partial melting effects. The individual quartz grains are rimmed by yellowish-brown isotropic glassy matter, with incorporation of basaltic melt along the cracks which is suggestive of incomplete reaction of the melt with the host rock ( Figure  3 j and k). Some quartz grains also exhibit unusual simple twinning as seen in Figure 3 g and h.
The xenoliths with pseudo porphyritic texture have quartz grains appearing as phenocrysts (varied in size and shape) embedded in isotropic groundmass where the grains show different stages of isotropism like complete isotropism, partial isotropism and undulose extinction resembling isotropic/glassy groundmass at a glance ( Figure 4 a and b) . The glassy groundmass also exhibits perlitic cracks (Figure 4 c) , glass pellets and exsolved opaque Fe-oxide.
Alkali feldspar exhibits temperature dependant unmixing in the form of perthitic inter-growth of K and Na feldspar (Figure 4 d) . Besides polysynthetic twinning (Figure 4 e), feldspar also exhibits complex twinning (Figure 4 f ) suggestive of phase transition from monoclinic K-feldspar to triclinic microcline 14 . Inter-grain boundaries of feldspar show presence of small prismatic, acicular and rectangular grains (Figure 4 g) of mullite, formed as a result of free silica and alumina melt crystallizing at high temperature conditions 15, 16 . Crushing and local melting along the feldspar grain boundaries are also observed (Figure 4 h). Feldspar tends to undergo brittle deformation along its cleavage planes 13 . The quartz ribbon cores and feldspar grains exhibiting undulose extinction could be indicative of magmatic stress conditions.
Opaque Fe-oxides under high magnification exhibit anhedral and cubic nature suggesting the probable presence of magnetite and spinel (Figure 3 l) .
Presence of highly corroded zircon grains (Figure 4 j) , could indicate probable sedimentary provenance. The irregular grains with high relief are of corundum, pointing towards the peraluminous nature of xenolith ( Figure  4 k) 17 . These grains are observed under high magnification and are inclusions in the smaller grains of feldspars.
Under high magnification, fluid inclusions are observed in large number within the grains of quartz and Kfeldspar. The inclusions are either seen along the cracks or cleavages or even disseminated throughout the crystals (Figure 4 l) . 
X-ray diffraction analysis
The XRD analysis was carried out using Bruker D-8 advanced diffractometer at Department of Physics, Savitribai Phule Pune University, Pune. The XRD ( Figure 5 ) shows the plot of intensity versus 2θ, which indicates the presence of high temperature mineral phases of mullite and tridymite, besides orthoclase and α-quartz (Table 1) .
Mullite is typical of pyrometamorphic rocks while tridymite is the high temperature polymorph of quartz 16 . The d-spacing values of some peaks partially match with spinel and corundum while some cannot be compared. These could be of non-crystalline or glassy material which does not have a defined crystallographic structure.
Geochemistry
The chemical analysis of xenolith samples was carried out at the Wadia Institute of Himalayan Geology, Dehradun using the Bruker S-8 Tiger X-ray fluorescence spectrometry. In our study, emphasis was given on the major oxide data as it was considered as a supplementary data for detailed petrographic analysis. It reflected the chemical composition and mineralogy of the rock.
The major oxide data for representative xenolith samples showed limited compositional range of SiO 2 (66.01-77.44%); Al 2 O 3 (12.43-17.24%); K 2 O (1.30-9.02%); Na 2 O (2.22-5.06%); Cao (0.40-1.18%); MgO (0.06-0.33%) and Fe 2 O 3 (0.062-2.17%). Highly siliceous and aluminous nature of the xenoliths is evident from the (Table 2) . Normative corundum is also indicative of peraluminous nature of all samples. In the total alkali silica classification scheme 18 , most of the xenoliths straddle between rhyolite and trachyte fields, suggesting silicic nature. Some lie on trachy-andesite and dacite field boundary suggesting higher degrees of assimilation of basaltic melt. On the ternary plots of ACF 19 , xenolith samples mainly occupy the quartzofeldspathic field and in some plots, adjacent to the pelitic field. As the xenolith samples are aluminous in nature, the chemical data was plotted on Al 2 O 3 -SiO 2 -FeO/MgO/TiO 2 ternary diagram 19, 20 ; where in they indicate mullite and tridymite phases.
Discussion and conclusion
Xenoliths open a window to speculate about subsurface petrology, whether crustal or mantle. Xenoliths once incorporated in host magma undergo reaction, solution, melting and/or re-crystallization and thereby get assimilated to different extents. The extent of assimilation is influenced by the nature of xenolith, its residence time, magma composition and the temperature of intruding magma. The mineralogy of the xenoliths in the present study, does not match with the mantle petrology as it essentially contains quartz and feldspar mineral phases and hence termed as crustal.
The petrographic observations highlight the high temperature and stress conditions experienced by the xenoliths. Shattering and microcracking along with melting and partial isotropism in the grains have resulted due to volume increase on vitrification. The glass occupies the interspaces between the grains while rounded quartz and felspar grains show embayment at their contact with glass -a common feature in buchites with melt content <45% (ref 21) . Complex twinning observed in the feldspars is indicative of phase transition 14 .
Textural and compositional heterogeneities observed could be due to processes like mixing and partial melting that might have occurred between the host magma and xenoliths, as suggested by Del Moro et al. 15 . Additionally, the presence of fine mullite crystals is indicative of high temperature. Mineral phases of mullite, tridymite, orthoclase, α-quartz with minor spinel and corundum, identified in the X-ray diffractogram, compliment the petrographic observations. Mullite is typical of contact metamorphism and pyrometamorphism 21 . Re-crystallization or devitrification into mullite and tridymite grains along grain boundaries and presence of fluid inclusions in quartz grains also point towards further pyrometamorphic effects. The xenoliths from the study area can thus be referred to as buchites and/or buchite rocks formed as a result of pyrometamorphism. Randive 9 commented upon the polymorphic transformation of the xenoliths found in Lamprophyre and Picrobasalt dykes from Bakhatgarh-Phulmal area, Jhabua district, Madhya Pradesh. He also stated that these mineral transformations and restructuring could be due to different pressure-temperature conditions inside magma.
The opaques exhibiting various patterns and occurring along the cleavages of altered mineral grains could be of magnetite or spinel. Presence of opaque minerals in xenoliths can be attributed to dissolution or breakdown of a Fe-Mg rich mineral phase present during emplacement.
According to Frezzotti et al. 22 , silica melt trapped as inclusions in crustal xenoliths may preserve melt produced during anatexis. They have reported significant quantities of colourless glass, both as films along the grain boundaries and as silica melt inclusions within single quartz grains in the quartz rich xenoliths from Vulcano Island, Southern Italy. Small blebs resembling melt inclusions occur within quartz grains in some of the xenoliths studied. The xenoliths occurring in the basic dykes are formed due to different degrees of partial melting of the crustal rocks. In the Western Deccan Volcanic Province, Precambrian rocks (granites, granitic gneisses and other metamorphic) and Neoproterozoic sediments (sandstone and shale) are likely the basement rocks. The dykes intruding the basalts could host fragments of the above mentioned rocks.
Ray et al. 3 based on geochemistry of xenoliths found in Rajmane dyke south of Dhule, suggested the extension of Dharwar Craton below DVP further north. Based on the petrographic observations it is difficult to ascertain that the protolith is igneous. However, highly corroded zircon grains present in a few samples could be of probable sedimentary origin. Growth boundaries, growth zones and inter-granular spaces are significant textural elements and based on the present study, it is observed that the original rock is almost completely transformed by various processes like partial melting, incipient hybridization and pyrometamorphism, leaving very little mineralogical and textural traces that give evidence of the original protolith. This could explain the textural variation observed in these xenoliths. These pyrometamorphosed quartzofeldspathic xenoliths are characterized by the presence of tridymite, mullite, corundum, opaque iron oxides (spinel, magnetite) and could be termed as buchites or buchite rocks. Further studies and extensive work is required to comment upon the accurate nature of protolith for xenolith.
